Background. Aortic input impedance is altered in patients with congestive heart failure. However, little is known about whether this vascular response is an early change or a late manifestation of left ventricular dysfunction.
sists of an increase in the characteristic aortic impedance, which is in part determined by the compliance of the aorta, increased low frequency moduli, and increased amplitude of wave reflection.1-16 These factors contribute to the elevated ventricular afterload imposed by the circulation on the failing ventricle and impair the efficiency of circulatory energy transfer. 17 They therefore contribute to the disruption of optimal ventriculoarterial coupling that arises in the setting of ventricular failure. Despite the significance of these abnormalities, there is little information regarding the time course of abnormal ventriculoarterial coupling or the relation of abnormal aortic input impedance to other hemodynamic changes characteristic of congestive heart failure. Furthermore, recent evidence has emerged that implies a differing responsiveness between large proximal conduit vessels and more distal peripheral vessels to autocrine and paracrine factors,18 raising the possibility that the time course of evolution of abnormal vascular compliance differs from proximal to distal regions of the vasculature.
Therefore, in the current investigation, the time course of evolution of abnormal aortic input impedance and its relation to the well recognized changes in peripheral vascular resistance were prospectively measured in the paced canine model of ventricular failure17-23 to define the early vascular response to myocardial systolic dysfunction. The hypotheses to be tested were that abnormal aortic input impedance and elevation of aortic characteristic impedance do in fact evolve in association with ventricular systolic dysfunction and that such abnormalities in aortic input impedance and decreased conduit vessel compliance are an early response to ventricular systolic dysfunction. The results indicate that such changes in aortic input impedance and conduit vessel compliance, as reflected by the characteristic aortic impedance, do comprise an early abnormality in the arterial vasculature that occurs during the evolution of ventricular failure and predates changes in peripheral vascular resistance. As a consequence of the diminished efficiency of power transfer and augmentation of hydraulic load associated with this vascular response early in the course of ventricular failure, these abnormalities likely comprise fundamental determinants of the progression of myocardial energetic and systolic dysfunction in congestive heart failure.
Methods Experimental Preparation
The protocol was reviewed and approved by the Institutional Laboratory Care Utilization Committee of The Ohio State University. Closed-chest implantation of a transvenous pacemaker and vascular cannulae was performed in six conditioned beagles aged 1 to 2 years as previously described. 24 Briefly, a screw-in unipolar pacemaker lead (model 5300, Medtronic, Minneapolis, Minn) was positioned under fluoroscopic guidance in the right ventricular apex after exposure and cannulation of the right jugular vein and with anesthesia maintained with vaporized halothane and nitrous oxide. The pacemaker lead was connected to a programmable pulse generator (Medtronic model 5985) that was secured in a subcutaneous pocket. 8F Silastic introducers for insertion of arterial and venous catheters were then secured via a right carotid arteriotomy and the jugular venotomy. The pacemaker was telemetrically programmed to discharge at its minimum rate of 30 beats per minute, and the animals were then observed for stable postoperative recovery.
Induction of Left Ventricular Dysfunction
In six dogs, seven determinations of ventricular performance and aortic input impedance were obtained at baseline and after 48 hours of rapid ventricular pacing. In one of the six dogs (see Fig 3) , pacing was inadvertently interrupted after 48 hours of rapid ventricular pacing. After reestablishment of the return of baseline hemodynamic measures, rapid ventricular pacing was reinitiated, and repeat hemodynamic study was performed at 48 hours of pacing. After a 5-day recovery period from pacemaker implantation, the animals were lightly anesthetized with acepromazine (0.55 mg/kg body wt) and placed in the left lateral recumbent posture on the fluoroscopy table to obtain baseline recordings. In all animals, a two-dimensionally directed M-mode echocardiogram was performed from the right parasternal window with a Hewlett-Packard 77020A ultrasound system. M-mode echocardiographic recordings were used to derive the percent fractional shortening of the left ventricle, and ejection fraction was measured using two-dimensional images of the left ventricle obtained from the apical four-chamber view.
A between channels. Phase and amplitude differences between channels were corrected using the above response characteristics of the pressure and flow recording systems and taking into account the time delay introduced by the 1-mm distance between the Doppler sample volume and the pressure transducer mounted at the catheter tip. Because the signal generated by the flow transducer is proportional to flow velocity rather than volumetric flow, calibration of the flowmeter output in terms of volumetric flow was accomplished by equating the flow velocity integral with the simultaneously derived thermodilution stroke volume and subsequently adjusting the ordinate scale in terms of volumetric flow (cm3/s). Because central aortic flow in the last half of diastole is negligible in the absence of valvular regurgitation, the velocity signal over this portion of the flow profile defines zero flow. 24'5'25 This was verified by comparison with the Doppler flowmeter zero flow velocity signal. Fifteen wave forms of each simultaneous pressure and flow recording were digitized and averaged, and the Fourier coefficients to 10 to 12 Hz, which are within the noise limits of the recording systems,26 were computed for each wave using software designed and implemented in our laboratory. Postectopic beats and beats lacking optimal flow velocity configuration were excluded from analysis. The modulus of impedance for a given frequency is defined as the ratio of pressure modulus to flow modulus.2728 Similarly, the phase angle is derived as the pressure phase minus the flow phase at a given frequency with phase correction for the above-noted instrument response characteristics and recording sites. The signal-to-noise ratio of the flow recording is the limiting variable governing the reliability of the moduli of the input impedance spectrum. Because the late diastolic flow in the central aorta is equal to zero under normal conditions, any deflections in the flow recording at this time are representative of intravascular noise and/or noise in the instrument chain. Therefore, Fourier analysis was performed on the last third of the diastolic segment of each flow recording. Moduli of flow that did not exceed the magnitude of the first harmonic of the diastolic flow recording by a factor of two were rejected as being within the range of noise of the flow recording (considered to have an unacceptable signalto-noise ratio). This approach has been used by our laboratory and by other investigators7.10 and has been shown to accurately reflect in vitro static and dynamic determinations of signal-to-noise ratio.26
From the aortic input impedance spectra were derived the following parameters of ventriculovascular coupling: (1) 
Discussion
This investigation using the paced canine model of congestive heart failure demonstrates that abnormal aortic input impedance is an early vascular response to the onset of left ventricular systolic dysfunction preceding significant changes in systemic vascular resistance and as such may likely comprise a primary governing variable determining the progression of circulatory failure. Observations in models of the isolated circulation and mathematical approximations of circulatory function have both suggested that for a given contractile state of the ventricle, there is an optimal vascular load that will maximize efficiency of the delivery of power to the circulation.10,12-14,3031 An increase in input impedance accompanying a decline in contractile state of the ventricle is contrary to this principle of impedance matching and represents a maladaptive response to ventricular dysfunction that further contributes to circulatory failure. Prior investigations have indicated that decreases in conduit vessel compliance independent of changes in peripheral resistance significantly impair the energetics of the myocardium.17 Therefore, the decrease in conduit vessel compliance observed early in the course of ventricular failure would significantly impair the energetics of the myocardium, regardless of the primary cause of contractile dysfunction, and thus promote the progression of myocardial failure at its earliest stages.
The current study has demonstrated that impairment in the efficiency of power output of the ventricle occurs at an early stage of ventricular dysfunction. Significant reductions were observed in total, pulsatile, and mean power outputs of the left ventricle by 48 hours of ventricular pacing. However, the 38% reduction in mean power output, which is representative of the power effectively directed toward propulsion of blood through the vasculature, was of a significantly greater magnitude compared with an only 18% reduction in the ineffective pulsatile element. This therefore indicates The control mechanisms governing ventriculovascular interactions that are responsible for the observed early abnormalities in aortic input impedance and increase in characteristic impedance remain speculative. The well recognized augmentation of sympathetic drive in congestive heart failure in conjunction with the reported attenuation of parasympathetic tone may contribute to such early changes in conduit vessel tone.32-36 Binkley et aP24 have shown that the induction of congestive heart failure in a paced canine model resulted in enhanced sympathetic drive and attenuated parasympathetic tone paralleling that seen in humans with ventricular failure. Therefore, it is conceivable that alterations in autonomic tone may contribute to changes in conduit vessel compliance similar to the mechanism observed in the peripheral vasculature. The development of congestive heart failure in a paced canine model is associated with the activation of the renin-angiotensin system and increases in plasma norepinephrine that promote vasoconstriction and fluid retention.'9-21 Accordingly, the direct vasoconstricting influence of these substances which are known to be elevated in congestive heart failure, may not only mediate short-term vasoconstriction but also elicit long-term changes in vascular structure that promote regional differences in conduit vessel compliance.
In addition to fixed structural changes in vascular architecture, reversible, functional alterations in vasomotor tone, which these vasoconstricting substances may promote, can contribute to the diminished conduit vessel compliance seen at this early stage of ventricular systolic dysfunction. Preliminary investigations have indicated that endothelium-dependent vasorelaxation is impaired in congestive heart failure. 41 Kaiser et a142 demonstrated in a model of congestive heart failure similar to that used in the current study an abnormality in endothelium-dependent responsiveness to acetylcholine-mediated vasodilatation in canine femoral arteries, and as discussed below, such a mechanism may similarly influence the compliance of a large conduit vessel such as the aorta.
Finally, it must be considered whether passive changes in vascular compliance, such as those resulting from alterations in mean distending pressure, rather than active changes in vascular tone or structure contribute to the observed change in characteristic impedance. A decrease in mean arterial pressure was noted after 48 hours. Despite this fall in mean arterial pressure, which would tend to passively lower characteristic impedance,27 we observed an increase in the characteristic impedance over the study period. Therefore, considering the influence of mean distending pressure on characteristic impedance, vascular compliance may have decreased to an even greater extent than that reflected by the characteristic impedance.
Although peripheral vascular changes may have been expected to parallel changes in conduit vessel compliance, the current report is a further illustration of the disparities that exist between the responsiveness of the conduit vasculature and the peripheral resistance vessels that have been reported in other settings.43-"6 These disparate responses have been attributed to both structural and functional differences in these regions of the vasculature. 43 For example, increases in central aortic characteristic impedance have been noted during exercise at times in which peripheral vascular resistance is decreasing.43-45 Similar differences in response have been noted with administration ofvarious vasoactive substances. 43 We have previously reported that at doses in which the positive inotropic agents dobutamine and dopamine mediate equivalent reductions in systemic vascular resistance, dobutamine produces a decrease in characteristic impedance of the aorta, whereas dopamine produces no change.10'47 It is speculated that these contrasting effects may derive from differences in adrenergic receptor populations in the peripheral and central vasculature coupled with the different degrees of agonist activity of these two agents. Similarly, although the vasodilator hydralazine produces significant reductions in systemic vascular resistance in patients with congestive heart failure, it does not appear to alter conduit vessel compliance as measured by characteristic aortic impedance. 48 Finally, we and other laboratories have demonstrated that larger conduit vessels exhibit a difference in the time course and magnitude of response to endothelin compared with peripheral resistance vessels. This may be related to different endothelin receptor populations in the two segments of the vasculature and/or to the relative differences in endothelial mass that may modify the response to this vasoactive substance. Therefore, the conduit vessels, such as the central aorta, characteristically exhibit a differing time course and magnitude of response to a variety of stimuli than do the peripheral resistance vessels, and accordingly, the observation that changes in aortic impedance with the evolution of congestive heart failure occur at a different time than significant changes in systemic vascular resistance is not unexpected considering these prior observations regarding regional vascular responsiveness.
These differences in conduit and peripheral vascular responsiveness may therefore be manifest in differing time courses in the compliance changes in response to the neural and hormonal stimuli that accompany the evolution of ventricular failure. The difference in adrenergic responsiveness between the aorta and peripheral vessels implied by the above study of dobutamine and dopamine may indicate that it is plausible that the early autonomic changes noted to occur in the paced canine model of congestive heart failure alter conduit vessel compliance before significant changes in peripheral vascular tone occur.47,49 The above-noted differences in endothelin-mediated changes in vascular compliance suggest that the increase in circulating endothelin that arises in congestive heart failure may produce changes in characteristic aortic impedance at an earlier time than changes in peripheral vascular resistance arise.50 In addition, we have shown that an angiotensin II antagonist produces changes in aortic characteristic impedance in hypertensive models, thus indicating that angiotensin II mediates significant alteration in conduit vessel compliance.51 Accordingly, it is likely that the increase in circulating angiotensin II that is characteristic in ventricular failure participates in changes in aortic compliance as well as peripheral vascular resistance. Significant differences in the density of angiotensin II receptors between the peripheral and central vasculature would predispose to significant differences in the time course and magnitude of compliance changes in response to angiotensin II and provide another potential mechanism for early changes in aortic characteristic impedance that predate significant peripheral vascular responses. In light of these prior comparative data, the above appear to be potential mechanisms accounting for the early changes in aortic compliance that precede significant alterations in peripheral vascular tone and require further investigation based on the observations provided by the current report.
In summary, this investigation demonstrates that abnormal aortic input impedance is a fundamental component of the hemodynamic abnormalities characteristic of ventricular failure and is manifested as an upward shift in the impedance spectrum in all cases, a significant increase in characteristic impedance of the aorta consistent with reduced conduit vessel compliance, and significant increase in the low frequency moduli of impedance. These changes in the aortic input impedance, representing a disruption of normal ventriculoarterial coupling, occurred before an increase in systemic vascular resistance and thus appear to be representative of an early vascular abnormality that evolves in response to ventricular failure. Considering this early appearance of abnormal vascular impedance, future therapies directed at preventing the progression of circulatory failure should therefore take into account their influence on conduit vessel compliance and ventriculoarterial coupling. The control mechanisms governing these early vascular changes, which likely contribute to the progression of myocardial dysfunction in congestive heart failure, remain undefined and require further investigation based on the current observations.
